INTRODUCTION
Gradual decreasingly of petroleum resources and increasingly strict emission regulations have pushed researchers to develop better diesel engines and their injection system [1, 2] . High pressure common rail (HPCR) fuel injection system can optimize combustion process, reduce NO X , specific fuel consumption and noise effectively by adjusting injection pressure independent from engine rotational speed and implements a flexible regulation of injection timing, duration and rate [3] .
The pilot-main injection regulated by the HPCR system is an effective method for improving diesel engine's performance [4, 5] . Fuel injected during pilot injection ahead of the main injection enhances cold start performance by shortening the ignition delay period of fuel injected during main injection. It also cuts down combustion temperature, NO X emission, combustion noise and vibration by decreasing premixed combustion, reducing rate of heat release and pressure rise [6, 7] .
Su Han Park has investigated the effects of multiple-injection on spray behavior, combustion and emission. He has concluded that the pilot-main injection can improve indicated mean effective pressure and cut down the emissions of soot, HC and CO [8] . F.Payri has studied the influence of pilot-main injection mode during idling after cold start of diesel engines. His results show that an appropriate pilot timing can promote adequate in-cylinder conditions for the main combustion [9] . G. M. Bianchi has investigated the effect of multiple injections on emissions of a common rail injection system and concluded that the multiple injection strategy is effective in reducing NO X and soot [10] .
However the main injection quantity (MIQ) fluctuates with variation of pilot injection quantity (PIQ) and pilot-main interval (PMI). As a result coherence and stability of injection worsens and deteriorates the performance of diesel engine. So it is necessary to study the injection characteristics of pilot-main injection, analysis the causes of main injection quantity fluctuation (MIQF) and the influence mechanism of pilot injection on main injection for controlling stability of the MIQ.
Mirko Baratta has studied the influence of high pressure supply pipe of injector on stability of multiple-injection. The results show that by shortening the length and increasing the inner diameter of the high pressure supply pipe of injector, the amplitude of pressure fluctuation can be reduced and the frequency of pressure fluctuation can be increased during multiple-injection.
Influence of pressure fluctuation triggered by variation of PMI on subsequent injection quantity can be reduced through orifice installed between the common rail and high pressure supply pipe of injector [11] .
In present paper a numerical model has been developed in AMESim environment for simulating the injection characteristics of HPCR system. The prediction accuracy of the model is verified by comparing the simulated results to experimental results obtained from HPCR system test bench.
The variation law of MIQF caused by PIQ and PMI is obtained and the reason for MIQF and its influence mechanism has been determined. The conclusions of this paper can be utilized for correcting MIQ in pilot-main injection control in order to improve the stability of pilot-main injection process. Fig.1 represents the functional block diagram of research work of this paper. 
II. OPERATION PRINCIPLE OF HPCR SYSTEM
As shown in Fig.2 , HPCR system mainly consists a low pressure circuit including supply pump and fuel tank, a high pressure pump with a fuel metering valve, a common rail with pressure limited valve, several electro-injectors, an electronic control unit (ECU) and several sensors [12, 13] . 
III. SIMULATION MODEL AND BENCH TEST
CR system is a complex system in which different fields such as electric, magnetic, mechanical movement and flow are coupled together [14] . The interactions between these fields are complicated and hence it is necessary to use a combination method including simulations and experiments to investigate injection characteristics of HPCR system. The HPCR system can be described by suitably combining the continuity and motion equations fro different fields such as electric, magnetic, mechanical movement and flow are coupled together by control equations.
The continuity equation of plunger chamber can be written as follow [15, 16] 
With,
Where P p is pressure in plunger chamber, a is sonic velocity, ρ is density of fuel, V p is volume of plunger chamber determined by plunger lift, S p is plunger cross section, hp is plunger lift, Q pr is the flow rate from pump to rail, Q p-leak is the flow rate from pump to tank via the clearance between plunger and plunger sleeve,  pr is flow coefficient between pump to rail, A pr is flow area from pump to rail, P p is pressure in plunger chamber, P r is rail pressure, d p is plunger diameter,  p is clearance between plunger and plunger sleeve, P 0 is tank pressure,  is kinetic viscosity of fuel, l p is length of the clearance between plunger and plunger sleeve.
The continuity equation of common rail is:
Where V r is volume of common rail, Q rd is the flow rate from rail to delivery chamber, Q rc is the flow rate from rail to control chamber,  rd and A rd are flow coefficient and flow area from rail to delivery chamber respectively, P d is pressure in delivery chamber,  rc and A rc are flow coefficient and flow area from rail to control chamber respectively, P c is pressure in control chamber.
The continuity equation of injector delivery chamber is [17] [18] [19] :
Where V d is volume of delivery chamber varies with movement of needle, S n is needle cross section, h n is needle lift, Q dcyl is the flow rate from delivery chamber to cylinder, Q n-leak is the flow rate from delivery chamber to tank via the clearance between needle and needle sleeve,  dcyl and A dcyl are flow coefficient and flow area from delivery chamber to cylinder respectively, P cyl is pressure in cylinder, d n is needle diameter,  n is clearance between needle and needle sleeve, l n is length of clearance between needle and needle sleeve.
The continuity equation of injector control chamber is:
Where V c is volume of control chamber determined by lift of control piston, S cp is cross section of control piston, h cp is control piston lift, Q ct is the flow rate from control chamber to tank, Q cp-leak is the flow rate from control chamber to tank via the clearance between control piston and control piston sleeve,  ct and A ct are flow coefficient and flow area from control chamber to tank respectively, d cp is control piston diameter,  cp is clearance between control piston and control piston sleeve, l cp is length of the clearance between control piston and control piston sleeve.
The motion equation of control valve is [20] :
Where m cv is mass of control valve, h cv is control valve lift, F mag is magnetic force engerdered by solenoid, F hyd is hydraulic force imposed on control valve, k cv is stiffness of control valve spring, h cv0 is pre-compression of control valve spring.
The motion equation of needle and control piston is:
Where m is mass of needle and control piston, k n is stiffness of needle spring, h n0 is precompression of needle spring.
The wave equation in fuel pipe is [21, 22] :
Where u is fuel flow velocity, λ f is coefficient of flow resistance.
Based on the structure principle and equations 1-16 of HPCR system, a simulation model with supply pump, fuel metering valve, high pressure supply pump, common rail, injector and ECU etc has been developed in AMESim environment as shown in Fig.3 [23] . Table 1 The HPCR test bench equipped with HPCR system produced by Bosch is shown in Fig.4 , with a high pressure pump driven by a motor, a common rail and an injector. During the experiments rail pressure was measured by Kistler 4067 high pressure sensor. Fuel injection rate of electro-injector was measured by EFS 8246 module and injection control current signal was measured by DL750
Scope recorder. In order to obtain the same rail pressure characteristics as actual system with four cylinders, the electro-injector controlled by EFS 8233 module injects four times in each cycle during experiment. 
